INTRODUCTION
Organ transplantation is a medical intervention that is used to prolong the lifespan of patients suffering from end-stage terminal illnesses. Despite the potent immunosuppression treatments that are currently available for the prevention and treatment of graft rejection, a large proportion of solid-organ allografts (approximately 50%) are lost 10 years after transplantation. 1 Antibody-mediated rejection (ABMR) is one of the leading causes of chronic graft rejection, which is refractory to current maintenance protocols of immunosuppression in many instances. [2] [3] [4] Therefore, to improve the ways in which we treat ABMR, a better depth of knowledge regarding the molecular pathways that contribute to the process of T-cell to B-cell help would permit a more precise and specific manner to tackle this clinical challenge through biologics rather than conventional immunosuppression.
The production of de novo antibodies against donor major histocompatibility complex (MHC)-mismatched antigens after transplantation depends on the cognate interaction between CD4 T follicular helper cells (Tfh) that are primed by donor alloantigens presented in the context of host APCs (the indirect pathway of antigen presentation) and B lymphocytes that recognize soluble and membrane-bound alloantigens. [5] [6] [7] The requirement of T-cell help for B-cell antibody production was first described in the late sixties. 8, 9 CD4 Tfh cells of the secondary lymphoid organs are now recognized as the immune cells that are responsible for orchestrating the molecular interactions that provide help to B cells. This help is promoted through soluble factors (e.g. IL-21, IL-4, and IL-6) and cell-bound molecules, such as ICOS (inducible T-cell co-stimulator) and CD40L that deliver costimulatory signals to ICOS-L and CD40 expressing alloantigen-specific B cells. 10 These interactions drive B-cell differentiation towards extrafollicular short-lived plasma blasts and intrafollicular long-lived plasma cells, which produce antibodies, as well as the formation of memory B cells. [10] [11] [12] [13] The transcriptional repressor B-cell lymphoma 6 seems to regulate the genetic program of CD4Tfh cell differentiation and is a suitable biomarker that is useful in distinguishing these cells from other CD4 T cells (e.g. Th1, Th2, Th17, and T-regulatory). 14 Somatic hypermutation and selection of B cells that express immunoglobulin variants with improved antigen affinity, along with the process of immunoglobulin class switching that occurs in allo-specific activated B cells requires cognate CD4 T help during the germinal centre (GC) reaction. 15, 16 Upon antigenic stimulation, CD4 T cells upregulate CXCR5 and first migrate to the interfollicular area that is in close proximity to the T-cell/ B-cell border through attraction to the follicle stromal cell-derived CXCL13 chemokine. CD4 T cells then further migrate to the follicle to prime follicular B cells and form the GC reaction. 17 Herpesvirus entry mediator (HVEM) is a member of the tumour necrosis factor receptor superfamily (TNFRSF14, CD270) and represents the unique known molecular partner of B-and T-lymphocyte attenuator (BTLA, CD272), a member of the immunoglobulin superfamily. 18 Whereas HVEM exhibits a broad pattern of expression, which extends to haematopoietic and non-haematopoietic cells, BTLA expression is restricted to the haematopoietic compartment, with higher expression on B cells than on T cells. [19] [20] [21] Under resting conditions, HVEM expressed on T cells interacts with BTLA on the same cell (cis-interaction) controlling the functional status of the T cell and thus impeding the establishment of trans HVEM or BTLA interactions. However, upon T-cell activation, the kinetics of the BTLA and HVEM expression levels change overtime and BTLA augments its expression, whereas HVEM expression diminishes; therefore, allowing trans interactions to occur between T and B cells, as well as between other cell types. 20, 22 The experimental evidence of the role of the BTLA/ HVEM pathway in humoral immunity comes from the analysis of the phenotype of BTLA-deficient mice, which revealed defects in the regulation of this branch of immunity with implications in the development of autoimmune diseases. [23] [24] [25] As the HVEM receptor is the unique known partner of BTLA and both molecules are expressed on T and B cells, we postulated that the HVEM/BTLA signalling pathway may participate in providing CD4 help to B cells for the production of donorspecific antibodies. 20 With this notion in mind, we set up an experimental approach to elucidate the role of this interaction in the context of the humoral immune response during the acute phase of graft rejection. Skin graft transplantation model C57BL/6 and BALB/c skin graft transplantation surgery was carried out as previously described. 26 C57BL/6 and BALB/c recipients were anesthetized and grafted with allogeneic tail skin on the right flank. The grafts were covered with Vaseline gauze, and bandages were removed at day 7 after transplantation. The right draining lymph nodes (LNs) and left nondraining axillar and brachial LNs were collected at days 10 and 20 post transplantation.
MATERIALS AND METHODS
Antibodies for in vivo use and flow cytometry Hybridoma cell lines that secreted an anti-HVEM monoclonal antibody (mAb) (clone 6C9, blocking antibody of the HVEM/ BTLA interaction), 20 anti-BTLA mAb (clone 4G12b, downmodulates BTLA receptor expression), 21, 27 anti-CD40L mAb (clone MR1, blocking/depleting antibody) [28] [29] [30] or an isotype-matched control rat IgG 2a (antiplant cytokinin, clone AFRC-MAC-157) antibody were grown in Serum free medium (SFM) medium Gibco (Grand Island, NY 14072, USA) supplemented with IgG-depleted foetal calf serum (less than 1%) in spinner flasks. Cell culture supernatants were pre-filtered and then loaded onto a protein G-Sepharose column, and affinity chromatography was performed for the purification of the immunoglobulins. The eluted fraction was neutralized and dialysed against Phosphate Buffered Saline (PBS), passed through a 0.45-mm filter and stored frozen at a concentration of 1 mg/ml. These antibodies were thus prepared for in vivo use. The first 1-mg dose of each mAb was injected intraperitoneally at the time of transplantation, and a second dose was administered at day 10 post transplantation, according to the experimental set up.
The following fluorochrome-labelled antibodies were used: B220 (RA3-6B2), CD4 (GK1.5), CXCR5 (L138D7), PD-1 (29F.1A12), T-and B-cell activation antigen (GL7), CD95 (15A7) and ICOS (C398.4A). Flow antibodies were purchased from Biolegend (London, United Kingdom), eBioscience (Hatfield, Ireland, United Kingdom), Beckton Dickinson (Heidelberg, Germany), except for the anti-HVEM (clone 5A8) and anti-BTLA mAbs (clone 4G12b), which were purified and biotinylated in our laboratory. 20, 21 Cell suspensions were incubated with 2 mg/ml of blocking anti-FccR mAb (clone 2.4G2, rat IgG 2b anti-FccRII/III mAb) before staining with the fluorochrome-labelled antibodies to reduce nonspecific binding. 31 Dead cells and debris were excluded from the acquisition gate as positive events for propidium iodide staining. Samples were acquired on a Cyan 9 cytometer (Beckman Coulter, Miami, FL, USA), and the data analysis was performed using WinList version 8.0 (Verity Software House, Topsham, ME, USA).
The serum levels of anti-BTLA, anti-HVEM and isotype control mAbs (all rat IgG2a) and the clearance kinetics were determined in recipient naïve mice that were intraperitoneally administered with 1 mg of each antibody at a dose equivalent to 40 mg/kg of body weight. Serum was collected from blood that was obtained on days 1, 6 and 10 post injection. The rat IgG2a levels were quantified in the serum samples by sandwich ELISA using a standard curve of known concentrations of commercial rat IgG 2a (clone R35-95). The binding of the injected antibody to BTLA and HVEM that were expressed on the cell surface of B cells and T cells was also monitored in treated mice to ensure saturation of the receptors. The half-life of anti-CD40L antibody (clone MR1, hamster IgG) has been reported by several groups who intraperitoneally injected antibody doses ranging from 0.5 to 2 mg at the time of transplantation, in which the half-life of anti-CD40L antibody was estimated at 10 days. 32, 33 The half-lives of the antibodies targeting the HVEM/BTLA pathway, both antibodies that were bound to the receptors and the circulating unbound antibody, were calculated to ensure that the surface receptor was saturated over time and an excess amount of antibody was present in the serum of the treated mice using the following exponential decay formulas:
, where N0 indicates the initial quantity present in the serum 1 day after the administration of the therapeutic antibody, Nt indicates the quantity that still remained after a time t, t 1/2 indicates the half-life, t indicates the mean lifetime, and l indicates the decay constant.
Host antidonor-specific antibody response Biotinylated H-2 K b and biotinylated H-2K d monomers were synthesized at the National Institutes of Health tetramer core facility (Atlanta, GA, USA) and were used in this study under a collaborative agreement. Two different approaches were adopted for the measurement of the host antidonor humoral immune response. Serum samples were collected from the different experimental groups at days 10 and 20 after transplantation. Then, they were diluted (at 1:20) and incubated for 1 hour with 0.5 3 10 6 donor thymocytes. The extent of the host antidonor isotype-specific humoral immune response was determined evaluating the mean fluorescence intensity values of the staining. Additionally, we also took advantage of an ELISA in which 1 mg/ml of biotinylated H-2K d monomers and 1 mg/ml of biotinylated H-2K b monomers were bound to streptavidin-coated plates (1 mg/ml streptavidin, Thermofisher (Waltham, MA USA)). Then, the plates were blocked with PBS containing 1% 9. Bovine Serum Albumin (BSA) for 1 hour at room temperature and washed; then, 1:20 diluted serum samples were added to the coated plates and further incubated for 2 hours at room temperature. The plates were washed three times with PBS containing 0.05% Tween 20 and then further incubated with horseradish peroxidase-labelled antimouse IgG Promega (Madison, WI, USA). The reaction was finally developed by adding 3,39,5,59-tetramethylbenzidine substrate, according to the manufacturer's instructions Merck (Kenilworth, NJ, USA). The reaction was stopped with 2M sulphuric acid, and the absorbance was measured at a wavelength of 450 nm using a multi-well spectrophotometer plate reader BioRad (California, USA).
Statistical analysis
The data were organized in Excel worksheets and analysed using GraphPad prism Version 5. The parametric Student's t test was used for the statistical comparison of the means between the non-draining and draining LNs in each experimental group. One-way analysis of variance test and a post analysis based on Tukey's test were applied to compare the differences of the means among either non-draining or draining LN groups. These statistical studies were performed under independent data conditions, in which a normality test (Kolmorogov test) and equal variances among the groups were considered (Bartlett's test). Skin graft survival was calculated using the Kaplan-Meier life table method, and statistical analysis for the comparison of the survival curves was performed with the log rank (Mantel-Cox) test. Statistical analysis was performed using GraphPad Prism 5.0 software, and a P-value of less than 0.05 was considered statistically significant.
RESULTS
The HVEM/BTLA signalling pathway is not required for the expansion of alloreactive CD4 Tfh (CXCR5
) cells and extrafollicular CD4 T cells (CXCR5
2 ) To evaluate the role of the HVEM/BTLA signalling pathway in the clonal expansion of Tfh cells, BALB/c tail skin was grafted on the right flank of recipient C57BL/6 mice that were treated with an isotype-matched control mAb, an anti-CD40L mAb or mAbs against BTLA/HVEM pathway molecules. 20, 21 Nontransplanted naïve mice and syngeneic skin grafts were added to the experimental set up to monitor the influence of the inflammatory response due to the surgery. To ensure efficient surface receptor capping by the therapeutic antibodies, the recipient mice were intraperitoneally injected with 1 mg of antibody and the binding of the antibodies to BTLA and HVEM was monitored on lymphoid cells for up to 10 days. Furthermore, the half-lives of the antibodies that were administered in vivo to recipient mice were monitored: the half-life for the anti-BTLA antibody was 4.73 days and the anti-HVEM antibody half-life was 8.39 days (Supplementary Table S1 and Supplementary Figure S1 ).
Ten days after transplantation, during the acute phase of the rejection, the recipient mice were euthanized and the right draining and left non-draining brachial and axillar LNs were collected and dissociated and the absolute number of LN cells was calculated. In response to alloantigen stimulation, the draining LNs had significantly increased cell numbers compared with the non-draining LNs in all of the experimental groups; however, this was observed to a much lower extent than in the anti-CD40L-treated group ( Figure 1a , left panel). This result confirmed the well-described potent functional activity of anti-CD40L mAb clone MR1) treatment in preventing LN swelling and also proves that CD4 T cells help to promote GC reactions. 34 The anti-BTLA and anti-HVEM mAb treatments, however, did not alter the cell numbers in the draining LNs The data are presented as the means 6 SEM. The statistical significance and P-values were calculated using unpaired Student's t-test for the comparisons of means between the draining versus non-draining LNs. One-way analyses of variance were applied for the comparison of the means from different experimental groups with regard to the draining or non-draining LNs. The degree of significance was represented as *P , 0.05; **P , 0.005; ***P , 0.0005. All plots display a pool of data from three independent experiments. BTLA, B-and T-lymphocyte attenuator; HVEM, herpesvirus entry mediator; Tfh, T follicular helper cells. We next evaluated whether CD4 Tfh cell clonal expansion was affected in the B6 allogeneic skin graft recipient mice. The gating strategy removed the B220 1 cells to analyse the Tfh CXCR5
1 PD1 1 population within the gated CD4 1 T-cell population, which allowed for Tfh cell percentage determinations in the non-draining and draining LNs (Figure 1b) .
The absolute number of CD4 Tfh cells were significantly augmented in the draining LNs compared with the non-draining LNs in response to the alloantigen stimulation in all the experimental groups at day 10 after transplantation ( 
PD-1
2 T cells, this subpopulation was also reduced after the anti-CD40L administration; however, it did not reach statistical significance (Figure 1e, right panel) . This emphasizes the role of CD40/CD40L interactions in the expansion of extrafollicular Th cells, which in turn would provide help to activated B cells to drive their differentiation towards shortlived plasma blasts for the early production of de novo host antidonor-specific antibodies. Similar to the results obtained for the Tfh cells, the expansion of extrafollicular helper cells was not affected by treatment with antibodies against the HVEM/ BTLA signalling pathway molecules.
These data indicate that LN expansion of allogeneic follicular and extrafollicular T helper cells is an immunological event that occurs independent of HVEM/BTLA interactions during allograft rejection.
GC B-cell clonal expansion is independent of HVEM/BTLA interactions in allograft rejection
Given that CD4 Tfh cell expansion was not altered after HVEM/ BTLA blockade and because GC formation depends on cognate T-cell help to B cells, we anticipated that GC reactions in B6 mice that are sensitized with fully MHC-mismatched skin allografts would also be unaffected. To gain insight into this immunological mechanism, we monitored the total B-cell numbers (B220 1 ) in non-draining and draining LNs. The B-cell expansion proceeded normally and to a much greater extent in the draining than in the non-draining LNs at day 10 after skin graft transplantation during the acute phase of rejection in all experimental groups except the non-transplanted naïve or syngeneic skin grafts control mice (Figure 2a, left panel) . This result suggests that the stimulus of the allogeneic skin graft transplantation induced effective proliferation and accumulation of B cells in the draining LNs and consequently, the LNs increased in size. However, the increase in the B-cell numbers in the draining LNs was not significantly inhibited by the treatment with the mAbs that blocked the HVEM/BTLA pathway (Figure 2a, right panel) .
Within the B-cell population, the major subpopulation in this compartment was the follicular B cells (PD-1 2 CXCR5
1 cells), which expanded to a substantially larger extent in the draining LNs than in the non-draining LNs (Figure 2b , left panel). Statistically significant differences were not found among the experimental groups draining LNs, except for the anti-CD40L-treated mice, in which follicular B-cell expansion was abolished due to the blockade of CD40L/CD40 interaction and the subsequent impairment of cognate CD4 Tfh cell help to B cells (Figure 2b, right panel) . Finally, and to gain information as to whether the HVEM/ BTLA interaction blockade could impact, to some extent, the formation of GCs during the acute phase of rejection, B220 1 cells expressing GC surface markers (Fas and GL7) were analysed at day 10 after transplantation in the non-draining and draining LNs as displayed in the schematic illustrated in Figure 2c . The absolute number of GC B cells significantly expanded in all experimental groups, except in the naïve mice, syngeneic controls and in anti-CD40L-treated mice, in which the GC reaction was practically absent in the draining and non-draining LNs (Figure 2d, left panel) . The treatment with the HVEM/BTLA pathway antibodies did not affect the GC cell expansion level in the draining LNs as it was similar to the level observed in the mice receiving the isotype control antibody treatment at day 10 of transplantation ( Figure 2d , middle panel). At day 20 post transplantation, the absolute number of GC B cells started to contract in parallel with the elimination of the allogeneic stimulus (Figure 2d, right  panel) .
The B cells, follicular B cells and GC B cells were unexpectedly reduced in the non-draining LNs in recipient mice that were treated with anti-BTLA, which suggested that BTLA expression was necessary for the survival of these B-cell populations in the resting state under non-inflammatory conditions (Figure 2a, right panel, Figure 2b , right panel and Figure 2d , middle panel).
Overall, the data confirm the notion that interfering with the HVEM/BTLA pathway does not impair GC cell expansion during the allogeneic immune response, although it may affect the survival of resting B cells. SEM. Statistical significance and P-values were calculated using unpaired Student's t test for the comparison of means between the draining versus non-draining LNs of each experimental group, whereas the one-way analysis of variance was applied for the comparison of the means among the experimental groups with regard to the draining or non-draining LNs. The statistical significance criteria were as follows: *P , 0.05; **P , 0.005; ***P , 0.0005. These plots display data that were pooled from three independent experiments. BTLA, B-and T-lymphocyte attenuator; GC, germinal centre; HVEM, herpesvirus entry mediator.
Treatment with anti-BTLA mAb upregulates HVEM expression on follicular and extrafollicular allogeneic Th cells after skin graft transplantation
We evaluated the membrane-bound BTLA and HVEM expression levels on follicular and extrafollicular T helper cells during the acute phase of rejection after allogeneic skin transplantation in non-draining and draining LNs. Treatment with anti-CD40L or anti-HVEM antibodies in comparison with naïve and syngeneic animals as well as those treated with the isotype control did not lead to changes in the BTLA expression levels on the Tfh cells (CXCR5 1 PD-1 1 , Figure 3a , Top panel) or the non-Tfh cells (extrafollicularCXCR5 2 PD-1 1 , medium panel and extrafollicular CXCR5
2 PD-1 2 , bottom panel), as determined by the mean fluorescence intensity value measurements ( Figure 3a) . The BTLA expression could not be followed in anti-BTLA-treated mice because, as previously reported, anti-BTLA mAb treatment down-modulates the receptor, which hinders its detection by flow cytometry (Figure 3a) . 21 HVEM expression was also monitored by flow cytometry thanks to the anti-HVEM mAb, clone 5A8, which does not compete with the in vivo-administered anti-HVEM mAb, clone 6C9, for binding to cell-bound HVEM. 20 As illustrated in Figure 3b , the HVEM expression level was significantly enhanced in the anti-BTLA-treated mice in both the Tfh cells (top panel) and the extrafollicular T helper cells (CXCR5 2 PD-1
, bottom panel) compared with the HVEM levels in most of the experimental groups. This denotes that disrupting the intrinsic cis-interaction between HVEM and BTLA by antibody-mediated down-modulation of BTLA unblocks HVEM, leading to significantly augmented expression. This phenomenon occurred in non-draining and draining LNs, suggesting that this change of in HVEM expression was due to the anti-BTLA mAb treatment rather than to activation in response to the alloantigen stimulation.
ICOS expression was also tracked during the acute phase of rejection. Much higher expression levels of this molecule on the Tfh cell surfaces were observed. Additionally, intermediate ICOS expression levels were observed on the PD-1 1 extrafollicular T helper cells and a lack of detectable ICOS staining was observed in the extrafollicular population of CD4 1 PD1 2 T cells (Figure 3c ). Overall, these observations indicate that the intrinsic cisinteraction between HVEM and BTLA was disturbed with the administration of the anti-BTLA mAb in the alloreactive Tfh cells and the non-Tfh cells, which led to enhanced HVEM expression.
The allogeneic host antidonor humoral immune response was unaffected despite the antibody-mediated blockade of the BTLA/HVEM-interacting pathway Although the clonal expansion of the CD4Tfh cells and GC B cells in response to the allogeneic stimulation was unaltered despite the HVEM/BTLA interaction blockade, we decided to evaluate whether the antibody-mediated response was slightly augmented similar to BTLA-deficient mice that were immunized with ovalbumin plus adjuvant. 35 Two experimental approaches were adopted depending on the alloantigen source and the immunological technique that was chosen (membranebound H-2 d class I alloantigens expressed on the cell surface of BALB/c thymocytes for flow cytometry or recombinant-soluble biotinylated H-2K d and H-2K b monomers for ELISA), and they were used to follow the allogeneic humoral immune responses. The first strategy consisted of incubating diluted serum samples collected from recipient mice at days 10 and 20 post transplantation with donor (BALB/c) thymocytes. Then, the host antidonor IgM and IgG isotype-specific humoral responses were analysed (Figure 4a-e) . No significant differences in the donor-specific antibody response in the transplanted mice treated with isotype control or the anti-HVEM or anti-BTLA mAbs were seen for any of the antidonor isotype-specific antibodies (IgM, IgG 3 (Figure 4f ). The same outcome as that observed in the flow cytometry was observed in the ELISAs for the donorspecific total IgG antibodies. As expected, the transplanted mice that were treated with anti-CD40L mAb were unable to mount a proper host antidonor humoral IgG-mediated immune response (Figure 4a-f) . BALB/c skin allografts in the B6 recipients were rejected following a similar kinetics as the isotypetreated controls despite the antibody targeting the HVEM/ BTLA interactions. All BALB/c allogeneic skin grafts in B6 recipients were rejected by day 11 in the recipient mice that were either treated with the rat IgG 2a isotype control or the anti-BTLA or anti-HVEM antibodies. However, the anti-CD40L-treated group showed a modest but significant prolongation in graft survival (days [13] [14] (Figure 4g ). In summary, the thymus-dependent and thymus-independent humoral immunities were unaltered despite disabling the molecular interaction between HVEM and BTLA.
As the expression of BTLA differs in distinct mouse strains, 21, 36 we decided to evaluate the antidonor humoral immune response and the fate of fully MHC-mismatched allogeneic skin grafts in an alternative mouse strain combination (donor B6 to BALB/c recipient mice) that was treated with antibodies that interfered with the BTLA/HVEM pathway. The host antidonor humoral immune response in the BALB/ c recipients was delayed compared with the B6 recipients at day 10 after skin grafting, but they reached similar levels at day 20. Neither the anti-BTLA mAb nor the anti-HVEM mAb treatment affected the course of the allogeneic humoral immune responses (Figure 5a ). The fate of the fully MHCmismatched B6 allogeneic skin grafts that were placed in the Balb/c mice was only significantly delayed after anti-CD40L treatment; however, no effect was seen as a consequence of targeting the HVEM/BTLA pathway (Figure 5b) . The one-way analysis of variance was applied for the comparison of the means among groups and the following criteria for significance were used: *P , 0.05; **P , 0.005; ***P , 0.0005. BTLA, B-and T-lymphocyte attenuator; HVEM, herpesvirus entry mediator; Tfh, T follicular helper cells. Figure 4 The donor-specific allogeneic immune response was not dependent on the HVEM/BTLA signalling pathway. Sera from B6 recipient mice that were transplanted with BALB/c skin were collected on days 10 and 20 after transplantation. The samples were then incubated with donor thymocytes and the host antidonor thymic-independent IgM and IgG 3 (a and b) and the thymic-dependent IgG 1 , IgG 2a and IgG 2b humoral immune response levels (c-e) were analysed by flow cytometry and represented as the mean fluorescence intensity. (f) To specifically detect the host IgG antidonor-specific antibodies that were present in the serum of mice that were transplanted with BALB/c skin, an ELISA using K d (allogeneic) and K b (syngeneic) monomers was also applied. (g) The survival of BALB/c skin allografts that were placed on the B6 recipients was monitored overtime in distinct experimental groups. The data are the means 6 SD of five to seven mice. The statistical significance and P values were calculated as indicated in the Materials and Methods section. BTLA, B-and T-lymphocyte attenuator; HVEM, herpesvirus entry mediator.
DISCUSSION
Antibody-mediated rejection is one of the major challenges in the field of solid-organ transplantation due to its contribution in the insidious pathology of chronic graft rejections that are refractory to current maintenance immunosuppressive drugs. [2] [3] [4] There is a need to gain insight into the molecular mechanisms that are responsible for the exchange of information between Tfh cells and B cells to modulate the humoral immune response, particularly in autoimmune diseases and antibody-mediated graft rejections. The molecular pathways that are involved in the exchange of information between Tfh cells and B cells through cell surface molecules of the TNF/TNFR family are essential immune checkpoints that dampen T-/B-cell collaborations and prevent antibody-mediated allogeneic immune responses. Recombinant fusion proteins and mAbs (biologics) that target members of the TNF, TNFR and immunoglobulin superfamily molecules are the central focus of attention for therapy in many immune-mediated diseases. 37, 38 An example of this statement is the efficacy of CD40L/CD40 targeting in preclinical and clinical settings of transplantation and autoimmune disease. 39, 40 The data presented herein demonstrate that modulation of BTLA/HVEM pathway does not affect Tfh cell expansion, GC reactions or the de novo formation of host antidonor allogeneic antibodies. BTLA, like other members of the immunoglobulin superfamily, such as CTLA4 and PD1, functions as a co-inhibitory receptor of the immunoglobulin superfamily. The engagement of BTLA and CD160 by HVEM induces a co-inhibitory signal through the recruitment of the SHP-1 and SHP-2 phosphatases, which are able to attenuate the functional activity of tyrosine kinases that are mobilized upon T-cell receptor recognition of antigens. 23, [41] [42] [43] [44] The HVEM/BTLA cis-interaction (where both molecules are expressed on the same cell) is an intrinsic co-inhibitory mechanism that prevents HVEM or BTLA from interacting in the trans configuration (the two interacting molecules are in different cells). This cis-interaction keeps naïve T cells in a resting state. Upon T-cell activation, transient expression of LIGHT disrupts BTLA/ HVEM cis-interactions, which allows for simultaneous HVEM/BTLA coinhibitory and HVEM/LIGHT costimulatory trans interactions to occur as the binding site of BTLA on HVEM (CRD1) is different from the binding site of LIGHT (CRD2-3), which are on the opposite sites of the molecule. 45 Similar to LIGHT, the administration of anti-BTLA mAb seems to contribute to HVEM/BTLA molecular instability and subsequent disassembling of the HVEM/BTLA complex, leading to enhanced HVEM expression in both draining (ongoing alloreactive response) and non-draining (resting non-inflammatory response) LNs. This enhanced HVEM expression was independent of the activation status (draining versus non-draining) and could be attributed to only the anti-BTLA mAb treatment that permitted better exposure of HVEM for detection by anti-HVEM antibodies, as illustrated in Figure 3b . The anti-BTLA mAb treatment consistently and significantly augmented the HVEM expression level not only on Tfh cells but also on extrafollicular T helper cells in both the draining and non-draining LNs. Our data are in agreement with the hypothesis put forward by Ware et al, which states that some antibodies, such as the anti-BTLA clone used in this work, recognize epitopes in the HVEM/BTLA binding site and cause molecular complex instability of the BTLA/HVEM cis-complex Figure 5 Targeting BTLA/HVEM did not modulate the graft rejection course in BALB/c recipients that were grafted with allogeneic B6 skin. (a) A sandwich ELISA was used to monitor the host IgG antidonorspecific antibodies in fully major histocompatibility complexmismatched transplanted BALB/c recipients of B6 skin allografts. The data are the means 6 SD of four mice. (b) The B6 skin graft survival was monitored over time in syngeneic controls and allogeneic experimental groups, and the survival curves were calculated using the Kaplan-Meier life table method. Statistical analysis was performed with the long rank test. Statistical significance is indicated as follows: *P , 0.05; **P , 0.005; ***P , 0.0005.BTLA, B-and T-lymphocyte attenuator; HVEM, herpesvirus entry mediator.
making HVEM more accessible to detection by anti-HVEM antibodies. 22 Remarkably, the anti-BTLA treatment reduced the B-cell numbers in non-draining LNs. To account for this observation, the most straightforward interpretation is that engagement of BTLA by HVEM in the cis-configuration is required for resting naïve B-cell homeostasis. BTLA signalling might contribute to the survival and control of B-cell numbers under noninflammatory conditions. Additional experimental evidence supporting the role of BTLA in the survival of lymphoid cells was shown with the adoptive transfer of semiallogeneic BTLAdeficient splenocytes into F1 recipients, which leads to an early expansion of alloreactive effector T cells followed by a rapid decay. This observation of impaired donor alloreactive BTLAdeficient T-cell survival during the course of Graft versus Host Disease (GvHD), which promotes the pathology resolution, indicates that BTLA may also play a role in alloreactive T-cell survival. 46 The BTLA/HVEM interaction is also essential for the homeostatic control of CD8a 2 dendritic cell numbers. Indeed, HVEM-and BTLA-deficient mice displayed an increased number of CD8a 2 dendritic cells. De Trez et al showed that the engagement of LTbR by LTab, and to a lesser extent by LIGHT (the other TNF ligand of LTbR), functions as a growth regulator that controls CD8a 2 DC numbers in the spleen, 47 although this growth-promoting effect could be counterbalanced by the inhibitory HVEM/BTLA signalling pathway. Altogether, these observations provide experimental evidence for the implication of HVEM/BTLA interactions in the homeostatic control of cell numbers in different subpopulations of immune cells.
Most of the evidence regarding the role of BTLA in humoral responses comes from the analysis of BTLA-deficient mice that are prone to the development of humoral-mediated autoimmune diseases as they age. [23] [24] [25] The humoral immune response and propensity to develop autoimmune diseases are enhanced not only in BTLA-deficient mice 23, 35 but also in HVEM-deficient mice. 48 The latter strengthens the predominant in vivo function of HVEM as an inhibitory ligand rather than a costimulatory ligand. The HVEM-deficient mice, like the BTLA-deficient mice, are more predisposed to develop experimentally induced autoimmune diseases than their wild-type (WT) counterparts, likely due to their inability to co-inhibit activated T cells through BTLA 48 and the impaired suppressive activity of T regulatory cells (Tregs) that lack HVEM in the control of effector T cells expressing BTLA. 49 These observations are in favour of the notion that BTLA may function as a co-inhibitory receptor on CD4 Tfh cells, which contributes, to a certain extent, to the regulation of humoral-mediated immune responses. 23 The other evidence in the literature that supports the role of the BTLA/HVEMinteracting pathway in humoral immune responses is based on a mouse model in which BTLA KO TcR transgenic anti-OVA (ovalbumin) CD4
1 T cells were ex vivo-stimulated under Tfh cell-inducing conditions (Tfh-like cells) and then adoptively transferred into WT mice that were immunized with OVA and adjuvant. In this setting, more antigen-specific IgG 2a and IgG 2b production was observed in the recipient mice that were adoptively transferred with Tfh-like BTLA-deficient cells than in the recipient mice that were adoptively transferred with WT Tfhlike cells. 35 Although the development of Tfh cells was not affected in the BTLA-deficient mice, their function was slightly augmented and, consequently, the production of antigenspecific antibodies was also slightly increased. 35 It will be necessary to reconcile the discrepancies of the slightly enhanced antibody response in autoimmune diseases and after conventional immunization of BTLA-deficient mice with the results of our investigation in the setting of fully MHCmismatched allotransplantation. One explanation that may account for the lack of the role for BTLA/HVEM interactions in our experimental setting is that antibody treatment does not affect Tfh T-cell numbers, which is in agreement with the observed normal development of Tfh cells in BTLA-deficient mice. 35 Another possibility is that inborn deficiency of BTLA or HVEM, which remains during development into adulthood, may affect the survival and accumulation of Tfh or T follicular regulatory cells (Tfreg) in the secondary lymphoid organs and their function. 50 For instance, a decrease in the frequency of Treg numbers due to compromised survival in BTLA-deficient mice would undermine the counter-regulation of T-helper-mediated B-cell responses, which would lead to an increased antibody response in BTLA-deficient mice compared with WT mice. In agreement with the concept that BTLA functions as a prosurvival molecule for T cells is the fact that the engagement of BTLA on donor alloreactive T cells is required for their survival in a graft versus host disease murine model. 46, 51 Thus, a single injection of an agonistic anti-BTLA antibody (clone 6A6) at the time of allogeneic bone marrow transplantation was sufficient to prevent GvHD through a mechanism that was mediated by donor Tregs. 51, 52 The agonistic effect of the anti-BTLA antibody treatment and not the blockade of the interaction of HVEM/ BTLA on donor CD4 effector cells promoted a rapid contraction of the CD4 T-cell-mediated allogeneic immune response due to impaired survival of donor T cells expanding in response to lymphopenia in conditioned hosts and to an advantageous and competitive homeostatic expansion of Tregs that were responsible for prevention of the disease. 51 Tregs have also been implicated in the regulation of the allogeneic response in CBA mice receiving a heart allograft from B6 donors treated with an agonistic anti-BTLA antibody. This regulation was mediated by an IL-10-dependent mechanism of suppression. 53 The intervention with two antibodies against the HVEM/ BTLA pathway, including the anti-HVEM mAb (clone 6C9), which is capable of blocking BTLA/HVEM interactions but not HVEM/LIGHT interactions 20 and the anti-BTLA mAb (clone 4G12b, which is a non-depleting, agonist antibody capable of attenuating in vivo graft versus host disease), did not affect the allogeneic humoral immune response. 27, 54 This result means that neither BTLA co-inhibition nor the HVEM/BTLA blockade influenced the course of the alloreactive antibody response. Although the outcome in the transplantation setting is different from that observed in autoimmune disease in BTLA-deficient mice, we have to acknowledge that the predisposition to antibody-mediated autoimmune disease is an indolent slow moving pathology in BTLA-deficient mice that occurs late in life. 23 Moreover, enhanced humoral responses were demonstrated in BTLA-deficient mice that were immunized with OVA plus adjuvant, which was done in a transgenic mouse model that included a high frequency of antigen-specific monoclonal T cells, and after ex-vivo generation of Tfh cells that were then adoptively transferred into WT recipients, which forces the experimental system to conditions that are beyond normal physiology. 35 The kinetics of allogeneic skin graft rejection across a fully MHC-mismatched barrier was similar in the B6 and Balb/c recipients regardless of the administration of the anti-BTLA or anti-HVEM antibodies compared with the isotype control. The most remarkable finding was a delay in the production of host antidonor IgG antibodies in the Balb/c recipients of the B6 skin grafts compared with the B6 recipients of the Balb/c skin grafts, although this did not alter the skin graft rejection course.
We have confirmed the robust inhibitory activity of CD40L/CD40 blockade on GC formation. This seems to be due to the dual effector functional activity of the anti-CD40L mAb (clone MR1, hamster IgG). The therapeutic administration of this antibody antagonizes CD40L/CD40 interactions, but more importantly, it also depletes recently activated alloreactive T cells expressing CD40L and alloreactive Tfh cells, which consequently abrogates T-/B-cell collaborations and antibody production. 29, 30 The antibodies used in this study that were raised against BTLA/HVEM pathway molecules were both rat IgG 2a isotype antibodies. Rat IgG 2a isotype antibodies do not efficiently bind to the mouse FccRI (CD64) and FccRIV (CD16.2) proteins, which are the two major Fc receptors involved in antibody-dependent cellular cytotoxicity that is mediated by natural killer cells and myeloid cells 55 (Li F and Ravetch JV, 2015). Thus, this result rules out the possibility that antibody treatment might have driven any functional activity through depletion. Furthermore, the BTLA/HVEM interactions were properly modulated because the receptors were saturated and an excess of antibody against these receptors was present in the serum of the treated mice over time after a single administration of 1 mg/mouse (40 mg/kg) at the time of transplantation. Finally, despite the large numbers of hybridoma clones that secrete antibodies against mouse BTLA that are available in the market, they all detect BTLA expression on B cells well; however, their BTLA staining on T cells is negative or weak. 36 This accounts for the impossibility to follow BTLA expression after treatment with an anti-BTLA mAb.
To understand the mechanism that accounts for the subtly enhanced humoral immunity observed in the BTLA-and HVEM-deficient mice, the Tfh cell, follicular Treg and B-cell survival and functions need to be further investigated in inflammatory mouse models of disease in which the humoral response contributes to the disease pathology. Thus, it will be possible to gain insight into the molecular mechanisms that guide humoral immunity and determine the potential modulatory activity of the HVEM/BTLA-interacting pathway for therapeutic purposes.
In conclusion, the therapeutic blockade of the HVEM/BTLA pathway did not alter the clonal expansion of the Tfh cells or GC B cells that were responsible for the GC reaction or the subsequent production of donor-specific alloantibodies following transplantation.
